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By Willian T. Lauten, Jr . , an& Vhrvin  F. Burgess 

Results of f l u t t e r   t e s t s  on <-wee centilever  delta-wing  slan r'orns 
(leading-edge sweepback of 600, 53O 8' , and b5O) st Mach n-mbers *on 
0.4 to  1.0  are  presentee  herein.  One r e su l t  was tha t   t he   r a t io  or' the 
second. bending  frequency to   t he   t o r s ion  frequency had a marked ef fec t  
on the f lu t t e r   suscep t ib i l i t y  of the w k g .  There was a l so  a rmrked con- 
pressibi l iky  effect  which led to  the  conclusion tht over the  renge 
investigated Vie transonic Mach  nurKber range w a s  t'le region where flut- 
ter wcs most l i k e l y   t o  occur fo r  these  plan forms when f lo- i -  a t  either 
constant  Qnamic  pressure o r  constant  al t i tude.  

Structural  im-hence  coefficients  vzre  obtained OE a f e w  vings of 
each  plen f o n  and these coefficients and calculated mode shases anCi 
Frequencies  derived therefrom are presected. 

P- re ference   f lu t te r  speed is  calculeted for several  of the t e s t s  
Por tine purposes of conparison and i n  order t o  .mke the  data more gen- 
eral. This re ference   f lu t te r  speed i s  base6 on a theory which includes 
the efzect of node shape ( for  si-mplicity, only the first  bending and 
first torsion modes were u t i l i zed ) ,  a correction  for sweep, an6 the use 
of two-dimensional f lu t te r   der iva t ives .  Tifie acdition of a third mode 
(seconc  bending) t o  the celculations f o r  one 60° w i p s  makes o d y  a snzll 
diTr'erence i n  the f inal  answer but i n  another  cese  the  additioc of the 
second ber-ding rcode increases by 50 percert  t i e  result obtsined when 
only t-do nodes are used. 

A conparison i s  elso made with  an  enpiricrl ly  derived  cri terion 
which involves test density and geometric, s t i f fness ,  and mass charecter- 
i s t i c s  of tifie plan forn. The predicted speed i s  generally  somewkt 
mconservative and appzrefitly the cr i te r ion  i s  not  applicable a t  low 
test  densi t ies   or   to   Tiut ter   iovolving the hi&er  nodes. 
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IIEBODUCTION 

NACA RM ~ 5 6 ~ 2 6  

In vie-d of the  current  interest  of' designers  in  the  delta-wing 
plan form ar,d since f e w  f l u t t e r  data are available  for t h i s  plan form 
i n  the transonic Mach  number range, it was f e l t  that a l imited  series 
of tests 011 del ta  wings i n  t h i s  r a g e  would be desirable. 

Previous f l u t t e r  work i n  the trznsonic  range  has dealt primarily 
with more conventioml pian fo-ms ranging  fron unswept untapered wings 
of high  essect   ra t io   ( ref .  1) t o  60° swept wings w i t h  t ape r   r a t io  of 0.2 
and aspect   ra t io  as lux' as  3 ( r e f s .  2 and 3 ) .  Transonic tests of cropped 
del ta  wings are reported in   reference and of two 6h.O del ta  wings i n  
reference 5 .  Subsonic tests  are  reported  in  reference 6. 

This  paFer r e so r t s   f l u t t e r   da t a  obtained i n   t h e  Langley &foot 
transonic  pressure turnel on delta wings w i t h  leading-edge sweepback 
of GO0, 53O 8 ' ,  and 45O, wi-Lh emphasis OE the 60° glan form, a t   m c h  
numbers from 9.3 t o  1.0. Wings of two frequency  spectrz were tes ted - 
one spec t rm w i t h  the second natural  bending  frequency lower t i a n  first 
nztural   tors ion frequency md the  other with the second bending  higher 
than  torsion.  Structilrel  influence  coefficients, md mode shapes and 
frequencies  derived I'rorn these  coefficients,  are  presented.  In  order 
t o  mke  the  flutter  inf'orra-bia~  presented more general,  the two- 
dirr-ensional  incompressible-flow f lut ter   theory of reference 7 and, &s 
an al ternate  rEthod, the e ~ i r i c s l l y  derived  cri terion of reference 4 
are  zpplied  as a meam of r?ormlizing t i e  results  obtained. 

A 

a 

aspect   ra t io  

nondinersional  wing-reference-exis  positior? measured i n  
strearwise direct ioc from nidchord, posi t ive  for  exis 

semichord 02 t e s t  wing zeasured in t h e  strem direction, f t  



H calculated mode  shepe, 
Vertical  disslaceaent of any section 

Verticel  displacement  of  sectton v i t h  mxinun? displacement 

f frequency, cps 

Ia poler mass mrnect or" i n e r t i a  ab0il-l e l a s t i c  axis per uni t  
length,  ft-lb-sec2/ft 

cr 

A 

2 

M 

m 

ra2 

S 

V 

VI3 

ESS rz t io ,  n/xpb2 

sweepback of leading edge, Ceg 

length  perpendicular t o  free stream, -in. 

Mach number 

pass of w h g  per unit length alopx semispan, slugs/ft  

frequency, radims/sec 

air density, slizgs/cu It 

m c  pressure, Ib/sq f t  

square of nondinensional radius of -ation about 
elastic axis, Idnb2  

exzosed semisgzn, mEesured from free-stream root  of model, in. 

velocity,  Ips 

velocity of sound, f p s  

flutter  velocity  derived from calculatlons based oc two- 
dimensiozxzl incmgressible-flow t'neory of reference 7, f'ps 

flu-lter  velocity  derived from crf ter ioz  given  in  rer"er- 
ence 4, a s  

lristance of reference axis of wing sect ion  behbd leadir?g 
edge neaswed in  strean  direction,  percent chord 

distance of center of gravi-ty of wing section  behind  leading 
edge measured ir- stream direction, perceni;  chord 

a"!=@- 
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Subscripts: 

NACA R4 ~ 5 6 ~ 2 6  

e experinentel  values  obtained a t  start of sustained  f lut ter  

f f l u t t e r  frequency 

h l  first ben2ing 

h2 second  bending 

a first torsion 

R calculated vakes based on two-dimensional  incompressible- 
flow  theory of reference 7 

r values  taken a t  free-strean  root  section 

S values  based on stanciard  atmosFhere 

Construction of T e s t  Wings 

In  order to   obtain e. variation of frecuency spectrum, with  primary 
at tent ion  directed t o  the r c t i o  of the second natural  bending  frequency 
t o  tke f i rs t  rmtural  torsional  frequency, two basic  types of construction 
were med . 

The first type of wCng w a s  b u i l t  to kave p. frequency  sFectmn of 
f i r s t  bending, torsion, an2 second bending i n  that order. These wings 
vere buil t  of spruce and. a l d n u m  alloy or soruce an& balse laninated 
i n  such  a manner tha t  -ihe f lexural  and tors iona l   r ig id i ty  of the span- 
wise  sections were cqproximately  pragortional t o  the fourth power of the 
stream-ise chord and the vass of  each  spmwise  section was approximately 
proportior?al t o  the squzre of the strezlmrise chord.  Figure 1 shows a 
cross section of two GO0 deltz. wings, desigmted type A and type 3, which 
:had this type of construction. With the  construction es shovn, these 
wings could  not be f l u t t e r e d   i n  the  q-rm-ge of the  tunnel. Consequently, 
streamwise s l o t s  1 inch agert s t a r t i ng  1 inch frm the root were cut 
icto  the  usser and lover  surface. For type A the  slot   depth was about 
two-Cnirds tke  t'cickness of the balsa and for type B the s l o t s  went com- 
pletely through the balse. The stiTfness and vibration data presented 
laker we  for kine  .vreaker?ed wiDgs. Figure I also shows a cross  section 
of -the &5O md 53' 8' del ta  wings (tyge D )  which were mde of spruce and 
aluminuv- alloy. 
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The second type of w i r g  w e s  b u i l t   t o  heve a frequency spec t rm of 
f i rs t  bending, secor-d bending,  an6 to r s ion   i n  ticat oreer. Tfiese wings 
were b u i l t  of balsa, alurnin-un f o i l ,  end durninurn-alloy sbeet. A core 
w a s  constructed or" balsa or  of e cmbination of balsa and eluminum-alloy 
sheet. The a l u d n u z   f o i l  w e s  wrapsed around this and was  largely respon- 
s ib le  for  the  s t ructural   s t rength of the wing. Tiis type of construct im 
produces wing sections which become relztlvely  hezvier and stiffer i n  the 
outbozrd  portion  of the span. The 600 delta wings had a chordwise-&rein 
center  lamination w i t h  end-grain balsa f i l l i n g  0u-L t h e   a i r f o i l  sect: 1 on. 
In  the 45O and 53O 8' delta  whgs,  the center  lamination w s s  reslaced  by 
the plan-form sheet of 0.020-inch a ldnurn   a l loy .  Cross sections of 
these wings ere shown i n  figwe 1 with  the 600 w i n g s  designated  type C 
a d  the 45O m d  53O 8' wings desigmted t-e E. A variation of s t i f fnes s  
i n  the 600 wings m s  at-lenpted by adding  extra  thicknesses of f o i l   i n  
the  skin  but  tne desired rmge was not  obtained,  probably  because  the 
adhesive  used t o   a t t a c h   t h e   f o i l  t o  tce balsa pemeated  tne  grain of the 
wood a-d contributed so much t o  t'ae s t i f fnes s  that the added h y e r s  of 
f o i l  zdded on ly  z smll percentsge t o   t h e  stiffness. 

In  addition t o  the  built-up w i l l g s ,  a 600 delta wing was b u i l t  from 
a mgnesiun f lat  p l a t e  w i t ' ?  beveled  edges. The section i s  shorn- es 
type F i n  f igue  I. 

Laboratory MIeswements 

All wings were vibrated and t3e natural  frequencies and nodal pa%- 
terns  up through the  sixth vibration mode were determined.  Sketches  of 
the pien forms tes ted are presented i n  figure 2 and show representative 
nodal  patterns end frequencies  for the f irst  four modes. One shaker w a s  
used f o r  the 6eterniaatioG of the  vibratioll modes and frequencies. A s  
a check, two shakers were used on e f e w  of the w i n g s  and a l so  the one 
shaker was ettached a t  different  locations on the wing. When the shakers 
were kept  close t o  the wicz root, there vas essent ia l ly  no d i f fe rence   in  
the  Trequencies o r  n&l  patterns  obtained. The Trequencies  obtained 
u i th  one sheker  also  agreed wikh t'le free-vibration tests which were mace 
t o  deternine  structural  dmping. For the  built-up wings, the   s t ruc tura l  
duping  var ied from 0.02 t o  0.03. For tce mgaesium flet plate,  the 
damping i n  first bending w a s  0.007. 

S t r u c t w s l  im?luence coefficierrts were obtair-ed on a t  least oEe 
wing of each  tyye of construction, a d  fo r  purposes of comgarir-- the 
s t i f h e s s  of -wings of simihr construction the diagonal of the s t ructural-  
inrluence-coefficient E t r i x  w a s  Eeternined for all wings tested. The 
location of the 12 points used fo r  -tie inf luexe   coef f ic ien ts  i s  show- 
i n  -t!e t f l i c a l  Loading p a t t e r n   i l l u s t r a t e 5   i n  rigwe 3.  The wings were 
loaded by  means of e weigkted fraxe which could be slipped  over the wing 
i n  such e =mer thzt a loafi  could be apslied a t  the desired point 

m""""leL 
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t'nrougn a srall pad (1/4 -inch dimeter) which  was  used  to  prevent  darmge 
to  the  wing  surface.  Deflections  were maswed with  dial  gages  that  could 
be  read  directly  to 0,0001 inch.  These  dial  gages  heve m- accuracy of 
approxinately f0.0002 inch,  well  wit'nin  the  scatter  of  the  ex-perimental 
data.  It  is  probable  that,  as  indicators  of small differences,  the  error 
is  considerably  less. 

Since  there  was som question  concerning  tne  effect  of  the  dial-gage 
spring  constant  on  the  calculated  frequencies  and  mcde  shapes, a nicrom- 
eter  which  could be read  6irectl-y to 0.0001 inch  was  set  up  on  the mag- 
nesium  wing  uitk e very  sensitive  electricel  contact  system.  Tie  contact 
system  consisted of a neon l & ~ p  connected  in  series  with e 45-volt  bat- 
tery  and a l/b-raegohm  resistance.  One  side  of  this  was  connected  to  the 
wing  and  the  other  side  to  the  spindle  of  the  micrometer so that  the 
neon larip would  flash  when  contact  betweer?  Yne  microneter  spindle  and 
wing  was  esteblished.  Zktremely  carezkl  manipulation  of  the  micrometer 
barrel hdicates that a movexent  of 0.00002 or 0.00003 inch w&s  suffi- 
cient  to  indicate  contact or no  contact as t3e  case  Fight  be and with 
reasorable  care t'ne readings couE readily  be  repeated  to  the  nearest 
0.0001 inch.  This  method vas much  more  time consudng thzn  the  dial- 
gage  netnod  but  had a siw-ificact advmtage in that  there  was  no  preloafi 
or varying load on  the w i n g .  When  t?e  frequencies and mode  shases  vere 
calculated from the  influence  coefficients  determiced  wit'i  the  micrometer, 
they  were  found to be  about 2 percent  less in frequency  than  the  values 
deterdned r'ron the  dial-gage  influence  coefficients  and  the  difference 
ill node  shese  was  virtw,lly  undetectable. 

Vibration  frequencies  and  mcde  shapes f o r  the  first  fo1z  modes  were 
calcclated lrom the  structural  inflxence  coerficients.  Table I gives 
the  structural  influence  coefficients,  the  mode  shapes  and  frequencies 
calculzted  from  the  influence  coelficients,  the  emerimentally  determined 
frequencies,  and  the  calculated mss of  the  wing  segments  associated  with 
the  loading  stations  shown  in  figure 3 .  The  structural-influence- 
coefficient  data  are  the  original  data  with  no  adjustment mde in  order 
to coaform to Maxwell's  theorem  of  reciprocity,  since, in earlier  calcu- 
latiom, where  both  the  symmetrical  and unspmetrical =trices  were 
emgloyed,  it  vas  found  that  the saxe or slightly  better  agreerent  of  the 
calculated  with  the  experimental  vzlues  of  frequency  were  obtained  with 
the unsytricai matrix. Only t'ne first  three  modes  are  presented 
because  it is felt  th.t  with only 12 load  points a cslculated  fourth 
mode  is  somewhat  aeaningless.  Generally,  the  calculated  fourth  node  did 
not  agree  too  well  with  the  experimental  value of frequency or nodal  pat- 
tern. Mode  shapes  were  not  neasured  experinentally,  but  the  node  lines 
determined  from  the  calculated  node  slmpes  for  the  first  three  nodes  seem 
to  be  in  reasonable  agreenent xith the  experixentally  determined  node 
lines. 



PertiEent wing pmameters are l i s t e d   i n  table 11. Tne values   l is ted 
i n  table I1 are associated witi.1 the  free-strem root section. Also, inas- 
mch as a delta k-ip-g hes 110 elastic axis i n  Tie cornonly  accepted  sense 
of -the term, the  value listed fo r  x. i s  f o r  a reference axis ami i s  
assumed based on consideration of the st,wctural  chzracteristics or" the 
free-stream  section.  Sixe,  on a f e w  of the wings, certain  parameters 
vary  with  span,  the span%ise variation of these  paremeters i s  listed i n  
table  SII, which also lists the bencing and torsion m o d e  shapes. It 
should  be  pointed oz;t k h a t  the xode s h p e s  listed i n  table I11 are i n  a 
d i f f e r e n t   f o m  from the node shzses   l i s t ed   i n  table I. The nose s h p e s  
i n  table I11 are  derived  fron  the mode shapes  calculated fron the inf lu-  
ence coefficients md  have been  adjusted so that  they  lend t'lemselves 
=are  readily  to  the  r"1utter  calculations which w i l l  be discussed later 
i n  this  paper. The node s h p e s  given are the  m o d e  shapes  of Vie w i n g  
considered ss a beam extending  perpendicular t o   t he   a i r s t r eamui th  a 
spm  equal   to  the span  of the wing m-ii are   der ived  in  the  fo l lowic~ ram- 
ner. For the becdl3-g mode, the  normlized  values  fron  t&ble 1 f o r ' t h e  
three chordwise poicts  st each of tne  four spanwise s t&tiocs  (see f i g .  3)  
vere  sveraged a-d a curve of displacernent against  span fsired through 
the resul t ing fou r  spanwise poicts .  This curve was extra2olated  to tlrle 
wing t i p  and the normlized  values   in  table LIT xere obtained *om t h i s  
curve. For the tors ion m&e, e s i m i k r  uethod wss use& i n  that tine slope 
indicated by the three chordwise points a t  each  spanwise s t a t ion  w a s  
approximated  by a straight l ine .  Tne slope  of each of these l ines  was 
deterdced and a curve of slose  against  spm- fa i red through t'nese points 
end exLrEpolated t o   t h e   t i g .  The values of slope a t  t'he desired stat ions 
were then  nomalized m d  are listed i n  table 111 as the tors ion mode. 

Instrumentation and T e s t  Technique 

All wings were instrumented  with four? 4-gm strain-gage  bridges 
zt tached  in   pairs .  Each pa i r  w a s  oriented s o  t"&t one bridge would read 
f lexwab  s t ra in   a long  an  arbi t rary axis an-d the  second bridge would rea& 
the tors ional  strain at an  angle of 450 t o  t h t  axis. me output from 
these gages was recorded on a recording  osci77ograph for part of the  
tests and on a multichannel  tape  recorder for the reminder  of the  tests. 
The beginning of f l u t t e r  uld t h e   f l u t t e r  frequency can be detemheli from 
these  records. 

h sone ceses  the  output fro= one of %he strain-gage briQes w a s  
fed in to  a sensing device which triggered high-speed f lash  laraps a t  the  
uiaxim?? s t ra in   points  of a cycle of f lutter.  This method yields a double- 
exposure  photogrzyh which gives a good qualitative  delineatiofi  of the 
f l u t t e r  mode. Two of these hi@-speed flash photogrsphs  taken  of wing 13 
snd wing 14 a re  shorn'! in   f igure  4. A similar system fo r  dete-mining 
static vibration nodes, triggered by an  amplitude-sensing  device, is 
reported i n  reference 6 .  

- 
- 
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Since irr rrany cases  the  onset of f l u t t e r  w a s  both sudden and vio- 
lent ,  a system was s e t  up thet enabled the  tunnel  operator  to  record 
desired information  automtically. By closing one switch, (1) an  oscil- 
lograph  record  could  be  obtained, (2) test  point mmber, test-section 
Wch  nuqier, static  pressure,  znd stagnation  tenperatwe  could be 
recor&ed on an  electric  typewriter by the  tunnel  read-out system and 
( 3 )  a short  burst of hi&-speed movies and the high-speed f lash  photo- 
graphs  could  be  obtained.  In sane cases  the  onset of f l u t t e r  was so 
abrust and  wing fa i lure  so rapid t h a t  it was found necessary t o  run  the 
recorder CorrtinLzously i n  order to   ob ta in  a record of the  osci l la t ions 
before t ? e  wing failed.  Figure 5 presents a record of tnis   type.  The 
read-oGt s ignal   in   the t h i r d  l i n e  from the bottom indicates the time when 
the  switch was close&.  Since  conditions change slowly i n  the tunnel,  the 
CifTerence i n  tine between wing f l u t t e r  and the time when the data were 
recorded i s  f e l t  t o  be negligible. 

Usually f l u t t e r  was obtained at the  desired Nach nuxber by increasing 
the  speed  of the tunnel at re&uced density and then  increasing  the  tun- 
nel  iiensity mtil f l u t t e r  occurred. 

Test   Facilrty 

The tests were perfomxx% i n   t h e  Langley  8-foot  transonic  pressure 
tunnel. For t he   f l u t t e r   t e s t s ,  a reflectior-  plane was in s t a l l ed   i n  tine 
tunnel and e l l  wings were attached  with morn-ting brackets t o   t h i s   r e f l e c -  
tion  plane as senispan  cantilevers. A fa i r ing  w a s  a t tsched  to   the wing- 
Kountir_g brackets t o  smooth out the flow  over  the  inboard  section of the 
v3.32. A schemtic  dovnstrem" section  viev of a wing  mounted in   the   tun-  
ne l  i s  s k o w ~  in   f igure  6. A Photograph of a wing instal led  in   the  tun-  
ne l  i s  shovn ic figure 7. 

The reflection  plane was a 1-inch-thick  steel  plate whose p r imry  
support w c s  a circfi lar-erc  steel   strut  5 inches  thick. T h i s  s t r u t  was 
attacked  to  the  tunnel and to   the  center  of the  reflection  plane. In 
order to   e l iminate  any possibi l i ty  of y ~ ~ x  and roll of the  plane, 17 auxil- 
iary  supports ic t3e form of small s t r e d i x d  s t ru t s  were et tached  to  
t:?e tunnel we.11 and  Vie reflection  place at vLrious points.  In view of 
the nethod of at-Lachme5-L and +,'ne ESS of the plar-e, it i s  f e l t  that the 
wings were attached t o  e. v i r tua l ly   r ig id  bo6y and t h a t  the assumption 
of a true  cz2ti lever nount i s  valid. 

c 

The reflection  plane  served  to bleed off  the  bomdary  layer and t o  
r.ove the t e s t  vings o-dt of the txw-el boundary layer  vhich w a s  approxi- 
mzteljr 3.5 inches  thick  just &?tea6 of the  leading edge of the  plme.  
The boundary lsyer   a t   the   center  of the  plate  was approximately 0.8 inch. 
The Mach n-nber  gradlent  with tine p l m e   i n   t h e  twinel was  smll with a 
raximm Mwh xmber  tieviation below M = 1.0 of fO .OO5 occurring a t  
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M = 0.99. Above M = 1.0 t'ie flow  deteriorated,  probably due t o   r e f l e c -  
t ion  of shocks originating at the reflection  plane leadir?g edge.  For 
this  reason no f l u t t e r  h t a  are presented  for Mach nurnbers i n  excess 
of 1.02. No comglete  survey has been made of  flow  angularity but t u f t  
studies  indicate no angdm3.ky  except on the  top  snd  bottom of the 
re f lec t ion-phne   t ra i l ing  edge. 

F lu t te r  has been  obtained on three delta-wing pl&n form,  60°, 
53' 8 ' ,  md 45O leading-edge sweepback, a t  Wch Ilumbers from 0.4 t o  1.00. 
The YASS r a t i o  p of the tes-Ls vwied  fron 7 for the lighter wings a t  
the  higher  ciensities t:, 85 f o r  the  heavier wings a t  Kie lower Censities. 
Ecperinental dsta, inclu&in& Mach number, test density, wss ra t io ,   f l u t -  
t e r   ve loc i ty ,  and other   per t inent   informtioc,   me listed in  tzble IV. 

For the 600 delta -dngs, wi t :?  the excegtion of the magnesium f l a t  
plate,  the t e s t  Mach cumbers ranged f r o m  0.6 t o  1.1. F lz t t e r  was 
obtained Prom EI = 0.7 t o  M = 1.0. The r ~ s s  r a t io   fo r   t hese  tests 
ranged  from 7 t o  40. Figure  8(a) shows a plot of q against  Mach nun- 
ber Tor tiie 600 foil-covered wings. Figme 8(b) s'r-ovs E. p lo t  of a_ 
egainst Mach nuinber for tke 600 magnesium f la t  p la te .  The GO0 flat  p l a t e  
f lu t te red  over a range of hkch numbers from 0.4 t o  1.1 at mlues  of 
from 8 to 34. In the lower Mach  number range, it w a s  gossible t o  f l u t -  
t e r  the uing i n  two modes, depending on the test technique, w i t h  the 
higher mode f lut ter   occurr ing a t  the  lover  values of density. The f re -  
quencies  given ir- the key are  the  f lutter  frequencies.  

For the 5 3 O  8' delta wings, f l u t t e r  was obtained  over s Mach nmber 
range from 0.5 t o  0.9. For the spruce wings there was e risked Mach 
nu.cber e f fec t  w3ich decreased  the  value of a_ necesssry to avoid Tlut- 
Ler et M = 0.9 to a value that could  not be obtained i n  the tunnel 
beceme of a minimm densfty  limitation. Consequently, no f lutter w a s  
obtained on t h i s  wing a t  tce higher M~ch numbers. The values of p of 
the tests ranged from lb at  the low Mach numbers t o  75 at the high m c h  
numbers. Figure  8(c) shows a p lo t  of q ageinst  Mzch nuuber fo r  tile 
53O 8' vings. 

L 

The tests of the 45O nodel were inconclusive. Although a number 
of tests vere =de on this  plan  fom, one d iscre te   f lu t te r   po in t  
w a s  obtained. This point w a s  fo r  the foil-covered wing (wing 12) and 
resu l ted   in  failure; therefore ,   f lut ter  a t  other Mach numbers could  not 
be obtained. It m y  be  seen from the high-speed f l a sh  Ghotographs shown 
in   f igure  9 thzt tine osc i l la t ion  of tne 450 spruce wing (wing 11) 
involved E large m-ourrt of camber. Since the instrumentation wzs not 
designed t o  respond t o  stresses i n   t h e  chordwFse direct ion,   the   actual  

-J 
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character of these osci l la t ions could  not  be  too  well  deterndned from 
the strain-gage  signals. It vas also d i f f i c u l t   t o  determine a def ini te  
fliitter point. The d i f f i cu l ty   i n  t h i s  res-,ect was tha t   the  wing  would 
s t a r t  a sustained low-amplitude osci l ia t ion a t  low speed or density and 
t'ne a q l i t u d e  would build up grzCiually as the speed or the  density was 
incressed - muck as though the  ving were being  forced by a vibrator.  
Consequently, the data presented i n   t a b l e  I11 for  this wing (wing 11) 
should be used w i t n  caution.  In  addition,  the wing seened t o  respond 
in   d i f fe ren t  mades a t  random, although  the  higher modes occurred  pre- 
dominately at   the  higher  values or" dynmLc pressure. 

DISCUSSION OF EX?ERmAL DATA 

Perusal of the test, results  reveals  several   goints of in te res t .  
?igure lO(a) shaws a p lo t  of the nondimensional st iffness-alt i tude  coeffi-  

c ient  - zgainst Nach nunber for  t3e 60° deltg. wings, except "rua - 
VC 

the flet plate .  In  this   plot ,   constant   a l t i tude would be indicated by 
E. straight  horizontal  Line and constant dynamic pressure, by a  straight 
l ine  through the  origin. In addi t ion  to   the tests rmde in  the  8-foot 
transonic  pressure twxel, resul ts   obtained  in   the Langley supersonic 
f l a t t e r  a2paratus a t  M = 1.3 on a wing with a similar frequency  spec- 
trum are  also placed Fn this figure ill order t o  extend  the  curves t o  
supersonic bkck numbers. With  one excegtion,  these wirrgs f lu t te red  a t  
frequemies lower tban  either secoad  bending or torsion. With the 
st iffness-Llti tude  coefficient used as 8 basis of  coxparison, it i s  
obvious -Lh& the w k g s  with the seconii b e d i n g  frequency  lower  than  the 
torsior?  frequency are m x e  l ike ly   to   f lu t - le r  than wings fo r  which the 
ogposite i s  %rue. It i s   in te res t ing   to   no te  t h a t  f o r  these 600 delte. 
wicgs,  over t:-e r a g s  of Mach  number consiiiered, that   the  transonic 
range i s  apparent ly   the  cr i t ical   f lut ter   region as w a s  the  case  for  the 
-c?-s;rer.t anii swept wings reported in   references 1 and 2.  

Figure 10(7;) shows a p lo t  of t he  st iffness-alt i tuiie  coefficient 
against bkc? number for   the 60° d e l t a   f l a t   p l a t e  (wing 10).  This con- 
figuratio-r- i s  f e l t  t o  be of ir-terest  since i t s  mechanical properties 
c m  be eas i ly  ciuplicated or scaled f o r  possible comparison or extmsion 
to  other Xach  number ranges i n   o the r   f ec i l i t i e s .   I n   o rde r   t o  extend  the 
range t o  higher Nach numbers, a test point from reference 8 i s  shown a t  
M = 1 . 3 .  ReTerence 8 uses  the tcird mode as wcL buk since the t'nird 
mode or" wing 10 was not a clear   tors ioml  vibrat ior-   tne  second mode was 
used as a reference  frequency md the  point  taken from reference 8 has 
been aEjuste8  accordingly. 



Figure  lO(c) shows a p lo t  of s t i f fness-al t i tude  coeff ic ient   against  
Mach  number for   the  53O 8' delta vings . Althoiigh -ihe l i n i t a t i o n  or' the 
minimuw operating  density of the tunnel prevented  obtaining f l a t t e r  
information above a Mah nuzzber of 0.9, there i s  apparently a much  more 
pronounced Wch  nmber  effect   in  the  transonic  region  than for 60° delta 
wings. I n  addition- t o  t i e  tests ma&e i n   t h e  8-foot  transonic  pressure 
tunnel, resul ts   obtained  in   the Lengley  supersonic f lut ter   zpparatus  
on a tiir?g w i t r r  e sinilar frequency  spectrum are placed i n   t h e  figure t o  
extend  the  curve  into  the supersor!!c range.  This test  point  indicates 
that the curve  does turn back as i n  the case of t'ne 600 delta wing. A 
comparison  between the  53' 8' wings w i t h  the  Cifferellt  frequency  spectra 
my  not  be completely just i f ied  s ince  the wings w i t h  t h e  to rs ioca l  fre- 
quency lower thaz the second bending  frequency fluttered a t  higher fre- 
quencies, r e l a t ive  t o  the nEtural  frequency  spectm-,  than the wing fo r  
which the opposite i s  trae. There is, hovever, a def ini te   difference  in  
the f l u t t e r  boundary for the  tvo wings. The trend found. i n   t h e  600 wings, 
t ha t  is, tha t   t he  wing with secocd bed-ing  frequency lower Yhan tors ion 
frequency is  more l i k e l y   t o   f l u t t e r ,  i s  reversed  for  the 530 8' delta 
wings. The reason ?or t h i s  z110mal.y is not h-0-m. 

It i s  in te res t ing   to   no te  that for  both t'lle 60° ana 53O 8' plan 
forms, the wing no re   l i ke ly   t o   f l u t t e r  hzd the  tors ion node l i n e  farther 
back on the  wing t i p .  

A s  E nems of' nornzlizing the f l u t t e r  date obtained on the  various 
vings,,  simplified  flutter-speed  calculations based 02 the method or' re f -  
erence 7 have been rr-ade on a f e w  sm@e cases. This f l u t t e r  speed VR 
i s  celculated on the brsis of  two-dimensional f lov  (strip  ZEalysis)  with 
the   e f f ec t  of mode shape 2nd the  angle of sweep included. Aerodynamic 
coeff ic ients   for  two-dimensional  incompressible  flow w e r e  employed i n  
conjunction -with tvo degrees of  freedom (first natural  bending and first 
saixmal  torsion). Tne frequencies  use& were the freguencies obtaiEeC 
in   the   v ibra t ion  tests of t ? e  Mings. The air density  used was  that at 
the start of sustained  f lut ter .  T?e sections consFdered fo r  the geo- 
metric, mass, and ine r t i s   pa rme te r s  were the stre-se sections end the 
mocie shape taken  perpendicular to t he   f r ee  stream;  therefore,  in  these 
rescects the sweep m g l e  of the  leading edge did c o t  enter   into  the  cal-  
culation. On the  other hand, in   the  var ious  terns  of t he   f l u t t e r -  
determimnt  elements, where the sueeg angle or some function  thereof was 
reqdired,  tne sweep w g l e  of t h e  leeding edge w a s  e-loyed. For exmple, 
consicier the A2-term of eqmtion ( lga)  02 reference 7. (See the eqmtion 
after eq. (206) of r e f .  7.) T h i s  may be rewrit ten as follows: 
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Kl L A  + .(i &)([-g + Ach)tan A -  k3 
- -1 tan2A 1 

br 2 '  b l  kn2 

where Kl, %, and K3 are  constants depending on the node shape, 2 '  
i s  length  taken  perpendicular  to  free stream, br i s  the root senichor& 
taken  in  the free-streaq  direction, A i s  the sweep angle of the  leading 
edge, kn is  based on the  free-stream  senichord znd the  velocity over 
the wing in  the  free-stre&%  direction, A is defined  in  reference 7, 
and Ach i s  based 011 values of F end G which are  functions of k, 
associated w i t h  the wake developed by Theodorsen in  reference 9.  The 
terms in  the  special   bracket f- are ofte-?  neglected. 

0 

A f t e r  the  flctter-speed  coefficient VI% w a s  solved  for the 
velocity V the  reciprocal of the cosine of the  leading-edge sweep 
angle w a s  used as a mltipLying  factor t o  obtain the value of VR listed 
in   t ab l e  IV. 

In  view of the sinpli1"ying  assumptions mde, the reference  f lutter-  
speed calculation  snould  not be elcpectefi to  predict   accurately an experi- 
mental f l u t t e r  speed.  Rether, it m y  be  considered as a common denomi- 
Eator whit? serves to   e l imina te   i n   pa r t  t'ae ef fec t  or" cer tain wing pram- 
e ters   in   o rder  that the  data  presented  ray be made more general. 

The resu i t s  of tha  flutter-speed  calculations  are  presented  in  rig- 
w e  1I as a p lo t  of V,/VR agzir-st Mach nunber. It m y  be  see= t h a t ,  
f o r  the majority or" the   t es t   po in ts ,   the   ra t io  i s  less  than 1.0, which 
means that  the  calculated  valxe i s  uncor.serntive  but becomes nore con- 
servztive wit'n increase  in  Nmch number. The calculations  indicate the  
same tren& as t i a t  found Cor unswept and swept wings ( r e f s .  1 and 3) ;  
t h a t  is ,  cver  the  range  imestigated,  the  calculations  ten6 t o  become 
nore  co-servative zt bach ~u7hers above €4 = 0.9, but  there are not 
suff ic ient  data t o  ~111x1 a gositive  statemezt  in this regard.  In two 
cases  (wings 1 end g ) ,  celculations  vere made using t h e e  modes - f i r s t  
bending, second bending, and torsiol. In  one of these (wing 1) , the 
aedi-lion chenged the  value  obtained by only 5 percent  although  the  exper- 
i nen ta l   f l u t t e r  frequency w a s  alqost  tAe sExe as the second bending fre- 
quency ( t h i r d  xode) of the  uing. For the  other  calculation (wing g ) ,  
the  additior? ol" the secsnd  bending mo6e (second rnsde) increased  the  cal- 
culated value by &boat 50 percent and resulted  in  excellent agreement 
with eqerime-llt . 

A sixsler method for  detemir-ing  calculated.  speeds is  gresented i n  
reference h Cn . t i e  form o-t arr: empirically  derIved  criterion. Th i s  may 



be used as an eltermte nethod if: the required  s t i f fness  data are aveil- 
able. This c r i t e r ion  is presented below: 

where 

a velocity of soucd, ips 

"8 korsioml  s-liTfness messwed at  0.7 span, ft-lb/radim 

PO 

S exposed semLspaD, f t  

cr- ne= chord, f-L 

test density, slugs/cu ft (po same as pe of t h i s  paper) 

k taper   ra t io   (Tip chord/Root  chord j 

r s t i f fness   re t io ,  2gcm2/ 0. 8hgs2 

lpl 
flexural s t i f fness  measured at  0.7 span, ft-lb/radian 

OW wing density, 
Weight of wing , lb/cu f t  

s%l2 

A leading-edge swee?back, redians 

& section  center of gravi ty   in   f ract ion of chord 

For t h i s  cr i ter ion,  ss in   the   case  of VE, the celculated  speeds 
were generelly  sormdmt  unconserv&ive. T'ce c r i te r lon   a l so  seemed t o  
break down when higher nodes were involved ir- the f l u t t e r  or when the  
density a t  f lu t t e r   vas  much less than  two-thirds  standard  ztmsghere. 

A density  correction v- used es a nultiplyi-ng  factor for the 

f l u t t e r  sgeed Sreeicted by the   c r i te r ion  improved the agreement with 
exrperinsnt. The calc-dated  vaiues or" the  predicted flutter speed are  

- 
d lis-led i n  table IV. 
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Flut te r  tests have been w d e   i n   t h e  high  subsonic and transonic 
speeO range on delta-wing p l m  forms w i t h  leading-edge sweegbacks of 60°, 
530 88, an& 45O a t   ?hch  numbers 14 from 0.4 t o  1.0. The following 
resul-ls were noted: 

1. One re su l t  of  tine 60° tests was t'nat, for  conprable wings (that 
is, asproximtely eq"ml. s i ze ,  torsional frequency,  snd veight) ,   the   ra t io  
of second bending  frequency to   the   to rs iona l  frequency had a marked ef fec t  
on the  f lut ter   veloci ty ,   the  wings with the  value of the r a t i o  less than 
1.0 being  xore  l ikely  to  f lutter  then  the wings for  which the  opposite 
was true.  

2 .  For the 53O 8' -dings, there was a rrarked e f f e c t   i n  a d i r ec t io l  
opposite t o   t na t   fo r   t he  6Clo wings, but e comparison my  not be ju s t i f i ed  
since  the  vings  with  tne  different  frequency  ratios  fluttered  in  differ- 
errt f l u t t e r  xodes. 

3 .  There w a s  a mzked  campressibLlity  effect on both  the 60° and the 
53O 8' eelta wings in   - tha t   bo th   phn  forms were more suscept ible   to   f lut-  
ter i n  the  low trensonic  region (!VI = 0.9 t o  1.0) Clan F? the high sub- 
sonic  renge (M = 0.7 t o  0.85). Tn i s  condition chenged rapidly  in  the 
cese of the 600 deltz. wing  and the inOication i s  t h e t  z t  Mach  nu*:bers 
s l igh t ly  over 1.0 the  l ikelihoad of f l u t t e r  i s  greztly reduced.  This 
result  leads  to  the  conclusion,  previously drawn fo r  w-swept and swept 
wings, t ha t   fo r  a given  altitude over the  range  investigated,  the  tran- 
sonic  region i s  t k e  region where f l u t t e r  i s  m0s-L l i k e l y   t o  OCCUT. 

4.  Simplified  Zlutter  calcldations  involving  e#-o-aiyEnsional incom- 
pressible  coefficients,  t l !o  mades ( f i rs t  bending ar-d f i r s t  tors ion) ,  and , 
sweep have been made for EL fev cases and generally t i l e  ansMers aerived 
fron  the  calcukt ions  are  soxewhat uncocserva-live  although i n  four of 
the  ceses  calcfiated  the  reverse is  t rue.  

5 .  The addition of the th i rd  mode (second  bending) t o  two of the 
cases  cslculated miie very l i t t l e   d i f f e r e n c e   i n  one of the answers 
obtained  althoggh the f l u t t e r  frequency was very  close t o   t h e  second 
bending  frequerrcy. In  .t!e second calculatior,  t n e  calculated speed was 
increased by about 50 percer-t an& agreed  vsry  well w i t h  the  experimental 
value. 

5. The calculations  indicate  the  saxe  trend  with bkch number as  t h a t  
found for swept and unsvept wings; t ha t  is, over the range  investigeted, 
tine calculations  ten& t o  become nore comervative a t  Ekch  numbers above 
M = 0.9 but  there  are not suff ic ient  dzta t o  allow EL positive  statement 
i n   t h i s   r ega rc .  

4 



7. A coqa r i soc  hes been made of experimental  flutter  speed with 
speeds  obtained fron an  empiricdly  derived  cri terion which involves 
t e s t -dens i ty  and  geometrlc, s t i f fness ,  and wss character is t ics  of the 
plan form. The sredicted speed was generally soraewht iznconservetive 
and qpere&J.y the cr i te r ion  is cot   aspl icable  a t  lox test densi t ies   or  
to flutter involving  higher modes. 

Langley Aeronzutksl  LEboratory, 
Natio,?-zl Advisory Committee for Aeronautics, 

Langley Field, Va., Nov. 9, 1956 
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.om5 

.OW5 

.ooo1 - 

station - 
9 

@ .1617 
” 

.o>m 

.OUJI.4 

. o m  

2178 
.W9 
.0178 
,0002 

.3159 

.1182 

.0gQ 
,0065 
” 

11 
” 

0.02Wk 
.a086 
. o o o J c  
,0000 

.0364 

.0218 

.m56 

.0002 

.04@ 

.03% 

.0f19 . oa62 
” 

. ” 

(indicaLcd by dashed Unes i n  fig. 5 ) ,  
Mass of numbered negmentc 

lb-sec2/in. 
-. ~ . ”_ - “ 

0.3789 X 10-4 
L6333 
5 . W l  
7. ’859 

.485h 
2.W28 
5.0101 
9.5686 

.E69 
1.0411 
2.3411 
IC. 1-712 

”- 

0.0042 

. OOeO 

.w10 

.0m0 

.m36 

.0062 

.0071. .OoY 



"_ 
4 I 

hading 
station 

1 0.38-12 
2 .O9l.l 
3 .0100 
Ik .om 

5 . Jb140 
6 ,1601 

a0397 
.0022 ;I 

2 

0,0908 
.0603 
,0113 
.OOOl 

.006Jr 

.0235 
,0502 

.oo23 

,0836 

.0026 

.a484 

.0204 

Derlectiona for a 8-lb load, in  incheo, at  loadling stntjon - -.- 
3 4 

O.OOg6 

.001.3 .0004 
,0004 ,0105 

0,OOOO 

.oouo ,0000 
,0072 -.mol 
.0054 .moo 
.0013 .moo 

.006h .COO0 

.0056 .0000 

.0012 .oooo 

.om2 .OOOO 

,0116 .0000 

Loading utation 

1. 
2 
3 
1b 

5 6 
-.I.-  .I."" 

0. Ib1h Ib 

.oooo .m 

.a171 .w{O 

.O572 .OM11 
0,1600 

, 1 1 9 0 0  .1692 

.00.1.8 m1.5 

.5596 ,1000 

.on5 .a159 

.1'[07 
.a266 .Ob09 
,0909 

.2552 
.0476 .0948 
,1080 

'I 

0.01112 
-0239 
.0049 
.mol 
.oh16 
.02y1 
sol37 
.0012 

.01100 
,0268 
.Ol% 
.0021. 

8 

0 10020 
.0020 
.0010 
.oooo 

.0016 
,0015 
.oou 
.ooog 
.mi6 
.ma 
.0004 
.000:1. 

9 11 
-.- 
0,07110 

.001.3 
,0215 

.oooo 

.0b72 

.0h62 

.0132 
9 0 0 0 5  

.0994 
-0732 
.0b56 
.00g8 

I& 1 (inblctrled hy dashed lineu  in rig. 3)J 
 mas^ or numbered a e p n t s  

lb-oec2/in. 

0.96284 

-1. OOOOO 
- a  90077 

142 .O 
131.0 

' 1.2071 
.3173 

2.6175 
4.899 

1 

1.2 

0.0076 
.0025 
.0m1 .oooo 
.w96 
.0051 
,0020 
.0001 

.0104 

.001Yb 

.006h 
-0037 



" 

JkPlections for a 8 - r ~  1 4 ,  ln inches, .st loading sl*rlinn - 
" 

10 
" 

0.16604. 

.or( -0353 

- . 001.0 
.1 goJI 
.ow6 
.0200 
.0012 

-2283 
.1508 

.0111 

.0580 

- 

- " 
5 

0.390 
.06U 
.cQ67 
.U000 

.41d .Pa 

.0p2 

.mu 

,4588 . lu00 
.0672 
,0100 

" . 
2 

- __" 
0 .WU 

.a453 

.0104 

.owl. 

.Ot521r 
Sk32 
.01.99 
.tx)23 

.05?6 
-0335 
.0183 
.oop 

1 8 4 

0 .0000 
.0001 
.(loo$ 
.OO.l j 

.OOOO - .xXs: .oooo 

.OOm 

-.(K112 
-.0010 
- . O W  
.moo 

-.  

"_ . 

3 

o .m92 
.OlOJr 
.ooy 
.OOOh 

.0076 

.GG% 

.0050 

.0013 

,0052 
.on32 

" 

.ool2 

.oow2 
" 

0.0325 
.Ol.99 
.MY .oooo 
.og6 . W%?6 
.0123 
.0011+ 

a0332 
.0200 
.01219 
.OO27 - -  

0.ooy 
.oai?j 
.O013 
.om0 

.0012 

.001.7 

.001J: 

.mu 

.OOlA 

.OO1.2 

.0008 

.OW:! 
" 

0.0612 

.ocxl2 .ovu 

.moo -.GOOR 

.my0 ,0183 
o .oloB 

-0696 .0108 
,0409 ,0056 
.a120 m 2 7  
.00m .000% 

.0@3 .tllJUY 
,0612 . 01 1.1 
.040A .00()6 
.0096 .006o 
" " 

"- - 
H?2 
" 

-0.2205 
* 3515 
.lo22 - .0018 

- .6178 
.2&2 
.2! kg 
* 0301 

-1.0000 
,1141 
2204 
.0565 

5 
4 

.7* 

.0576 

.0$3 

.lolo 

-1.oooO 
- .loll. 

- .bo39 - .230l 

.5429 
2.2400 
5.4012 

10.1553 

a 4 6  

2.5562 
1. ~ 8 1 .  

4 .6352 

5 
6 
7 
8 

9 
10 
11 
12 

11.6.0 
l.05 -0 



I I 

" 

i i 

Imdlng 
station 

1 
2 
3 
Jk 

5 
6 
7 
0 

9 
10 
11 
1.2 

." - - 
1 

0.3160 
,0660 
.0080 
.om0 

.33@ 

.l201: 

.o3:1.2 

.0026 

,3555 
.1.620 
.0576 
,0083 

I." 

2 

0.0639 
.Oh37 
.0095 
.OOO% 

.0609 

.0402 

.0176 

.0024 

.0502 

.01.74 

.0369 

.0028 

Doflections  for a 9-1.b load, In Inches J 

I :  

11 

0 .0000 
.0001. 
.OGQJt 
.ooL? 
.moo 
.mm 
.a301 
.moo 

-.oo03 

. 0000 . o m  

.moo 

" 

- .  " 
6 

a. 1206 
9 0399 
,0057 
.0000 

I l2h5 

.0209 

.0016 

. . "  

,0660 

*I323 

90363 
.0046 

.0045 

.-- 
7 

o.oy21. 
.01& 
, 0 0 4 I t  
,0001 

I 0318 
0209 

.o1.n3 

. G O U  

.0321 

.021.0 . OlOD 

.ow20 

at  .l.oonl.ng stdAon - 
" 

8 

0.0024 
.on23 
,0012 
,0001 

.0024 

.001() 
,00111 
.00g 

.0018 

.m1.2 

.0006 . 0001 

".". - 

""-I- - 
10 

-. . - ."_. 
0.1620 
.0369 . 00%y 
,0000 

.1.900 

.0031 
,0227 
.0010 

.2361 
,1512 
.0645 

11 
, ..- "I 
0.0567 
,0163 

.oooo 

.0012 

.0669 

.0361 

.0108 . 0006 

.0600 

.059]t 

.0r93 

.0065 

(indicated by dashed lines i n  fig. 3) 
I-fasfi of numbered segments 

l.b-aec2/in. 

.- 
12 

0.0072 
,0024 
.0001 
.ooOO 

.OOOJk 

.0050 

.0020 . oma. 

j0g9 
.0081. 
.0063 
.0OIl.O 



" 

T 
'I 
2 

z 
5 
f, 
7 
8 

9 
10 
11 
12 
" 

TAM Y I. - S!CRUC!IVRATs 1NFLMCE COB'YIC~U'S AND FEU-TEII INF'OWATION 

AS INDICILTED JN FIGWE. 3 - Continued 

(f) wing 11 

r--- 

l 4  3 

" 

5 

0.16111 
.04y8 
.C)l,$ 
.no16 

.1-(Ls 

.03G1 

.Ol65 

.0025 

.rp6 
-0585 
.O l r j l  
.0022 
" 

H t'n 

0.9462 
. m 9  
.132 
.016h 

-9590 . k61t 
.1506 
.0273 

1.oooO 
. a 4  
.17a 
.02$ 

48.9 
L5.5 

.-" 
8 

0.(?021 
.om6 
. m 7  
.ooO1 

.0021 . O O y I  

.003.3 

.OoO6 

.Go25 

.GO18 

.coo7 

.ooo1 

" 

" 

i 
" 

0.1595 0.0456 
.0426 .0169 
.on7 .0050 
.0008 .OOoh 

o.ou1 0 .a112 
.a050 .000h 
.0014 .(x301 
.0000 .0000 



" 

I t 

Loading 
station "_ .I - 

1 
2 
3 
4 

2 
7 
D 

10 
3 

11 
I2 

in inchen, at  loading station - I 
" 

1 

0 75771 
2365 

.04%7 
,0008 

.'7075 

.Y35 

.0795 

.on82 

.7949 

.lo4 3 

. jh27 

. O l l j  

6 10 7 9 8 

,0507  ,0063 

.9202 .a088 .of03 

,0002 .0003 m 0 7  

. 2 m  

.os62  .0063  .3276 

.0260 .oo$ ,083.0 

0.0812 

.0377 .OO3l ,016It 

0.7831 0.0088 

.0040 .GO79 .OOl.5 

,0833 .00@Jt 
.0060 .0$7 

1.0654 

.0lhl .ow6 .001tD 

.123.0 .0032  .0296 

.bo22 

4 

0.00l8 
.ooa.7 
.0021 
.001'/ 

.0014 

.0019 

.0010 

.om5 

.M07 

.0007 

.O0O2 

.00m 

3 

0.041tl 
.0350 
.0216 .00li3 
.0420 
.0308 
.o:I.a . m37 

-0392 
.0252 
.0112 
,001h 

-"I.- I" 

5 

0.7963 
~2353 
,0409 
.ooo7 
.e728 
,3956 
.M32 
.0006 

a933.7 
.992 .11a 
.0131t 

1.1. 2 

0.2331 
.1.403 
,0540 
,0015 

.2345 
,1406 
.Oh97 
. O W  

.2236 

.1316 

.0511 
,0063 

12 

0.1061 
.a521 
,0111 
,0002 

.1162 

.0-(&4 

.02<98 
-0037 

,1246 
.09112 
.0626 
.0101 ".._ "- 

0.03.26 
.Oo60 
.0015 .0000 
.OW( 
.Ol.OO 
.0052 .ow 
.o1.61. 
.0130 
.0105 
.0057 .- 

Loading station lI 
hl (Indlcnted by &shed l ines in fig. 3) ,  

M ~ E M  of numbered  6eRmenl.u 

lb-secefin. 

1 
2 

0.8762 
.3266 
.0676 
.002h 

-9525 
.4231t 
.u56 
.01lc5 

l.0000 
.4956 
.1742 
0230 

20.3 
21.0 

"I 

3 
4 

5 
6 

78 
10 
9 

11. 
12 

fcalc., CPS . . . 
Rem,, cpe . . . 

"""".- - ._ I."" 

w N 



1 

0.1986 

.0123 

.0y-( 

.ooog 

.1 jJln . 0 j65 

.0168 
m 2 6  

,1241 
.Oh'( 4 
.0.141 
.m16 

3 

0 .0u4 
~ 1 3 1  
.OM0 
.m15 

. 0031 

.ooQ 
~ 0 3 1  
.0006 

.oop 

.OW4 

.om6 

.0000 

lkflectlons for R 12-lb Lo& 

4 

0 .mag 
.oooo 
.ool2 
.oov 
.om2 

.mol 

.M(!l 

.moo 

.0001 

.oooo . 0000 . coo0 

-. 5 

o.l:;(l: 
.0412 
.OOUti 
. O W 7  

.l@5 

.o.j116 

.Ol& 

.0084 

.1873 

.q03 

.02w 

.0023 

1 
2 
3 
IL 

5 
6 
7 
8 

1.00000 
,49940 
.m76 
,02502 

51.1 
52.0 

in l.nchcsJ at Joadirrg El,al,tion - 

.OOG'( .0012 .0157 

.0011 .ooq  .o021 

.Ol+ .OO20 .j92 

.Gag3 .m10 .loa 

.ooo4 . u r n  .0056 
a036 .0003 .029 

0.91927 
.68317 
.26'(57 
-03167 

.PO95 

.2193h . l l log 

.02670 

- 1 . o m  
- .7497a 

-. 57491 - -10692 

9J .1 
87.0 

10 

0.0464 . 01 24 
.Go211 . 0001 

.0668 

.02* 

.Owl .ooll 
.iv(G 
.woo 
.03J+h 
.m17 

ll 

(,l.ndicnt,ed by clnahed llms i n  Pig. 3) 
Mass of nwubered segments 

l.b-sec2/ln. 

1.36140 X 10-4 
5 3850 

11.25601. 
19.73093 

14.61554 
6.53491 

26 .o36r( 

3 - 52098 
1.02260 

12.65363 
7.3793 

1 .$725 

12 

0 .ooly 
.0001 

. 0Ocm 

.moo 

.0w21 

.g012 

.0003 

.0m1 

.(I034 

.001r> 

.0047 .00 55 

N r 



n 
8 I 

Loading 
station 

3 5 6 7 8 

0. ~040 
.m33 

.coo1 

.0017 

. 0OhO . WJO 

.0020 

.om7 

.0035 
* 0020 
. O O l j  
.0003 

4 

0 .woo 
,0004 
.0010 . 001.J 

.0000 
,0000 
,0000 
,0001 

.oooo 
,0000 
.000l 
,0000 

11 

0.0635 
.0266 

. 0000 .0023 

m 5 5  

.0151 

.0008 

. on90 

.ob50 

.0076 

. om1 

.Ob70 

12 

0.0085 
.0038 

.oooo 

.0002 

. 0100 

.0069 

.0020 . 0001 

.0120 - 0095 

.0082 . 0011 II 

1 
B 
J 
11 

2 
7 
8 

9 
10 
11. 
12 

0.01110 
.0.1.56 
.0126 
.mol) 

.O1.J5 

.01~5 

.0072 

.oOlB 

.0110 
,0070 

,0002 
.o032 

0.4655 
~1.56 
,0141 
.0@00 

.5205 

.1896 

.0025 

.5770 

.oar0 

.0449 

.21155 

.01m 

0. lI.285 0.1.1.55 
~ 1 6 7  

.0003 .oooo 

.alp ,0156 

.q71  

,11610 .1155 
.1'(25 -0760 
.Oh26 .0269 
,0020 .002G 

.4645 .lo80 

.2050 .0645 

.0661 .Om .0277 
.0035 I Masu o f  numbered  seegnents 

(1nLl.cated by &shed l i n e u  In Ilg. 3), 
I.b-sec2Jin. 

Loading otuLion 

0.3352 
.61511 
,3366 - 0137 

,6167 
" ,0118 
.a689 
.0446 

-1.. moo 
- ,2257 

- .7010 - . 1 ~ 5  

95.3 
01.0 



I I 1 

7 1.0 13. I 12 u 4 1 

0.4670 
,201k9 
. O M 0  
-0035 

.VI54 

.2555 . w43 

.013? 

. e894 
-2784 . r256 
.w60 

I 

9 5 

0.~040 
.m57 
.OM( 
.OW@ 

.OO j% 

.0%2 

.0028 

.0013 

.0028 

.cor{ 

. O W  .oow 

0.0148 

.OW8 

.o15'r 

.012 

.OJ 36 

.012.21r 

.cqE 
A047 

.on16 . ma3 

. O M  

.0014 

0.0976 

.02w 

.OK8 

.Go22 

.0962 
,0650 
.043 
.mu4 

.(I896 

.059> 

.0352 

.008( 

0.4768 
.I 780 
.a350 . 0Ol2 
.5152 
.252h . m59 
.0068 

.5512 

.5126 

.1430 

.0252 

H, (incllcnted by &%shed lines in fig. 5 ) ,  
Mass of nuuhercd sogmenLs 

~ ~ - s o c 2 / ~ n .  
Loading station 

1 
2 
3 
'I 

2 
7 
8 

7 
10 
ll 
12 

0.0320 
.0829 
1359 

.0242 

1.oooO 
-.w 
.0189 
-0352 

- .16~5 
- .3745 
- -34Jt7 
- .0774 

73.7 
104.0 



m e "  
_I 

A 
A 
I3 
C 
C 

C 
C 
C 
C 
P 

D 
E 
D 
D 
E 

A 

_c_ 

60' 
60' 
600 
600 
600 

600 
60° 
60' 
60' 
60° 

4 5 O  
4 5 O  
5308 ' 
53O8 
530B1 - 

TABLE 11. - WING PARAEIETERS 

-0.200 -0.064  0.2569 5.91 

- .200 -.loo ,2431 6.98 
-.200 -.loo .2368 3.85 

-.ZOO -.LOO .21102 6.32 -. 200 -.loo ,2581 5.41 
-.200 -.n.oo .3ok 5-83 - .200 -.092 ,3022 6.11 
0 0 .3213 7.15 

-.ZOO - -108 -211.78 5-70 
-.200  -.lo8  ,2293 5.80 

_1 
- .200 - ,200 - .200 
- .200 
- 200 

a See figure 1. 



28 NACA RM ~ 5 6 ~ 2 6  

--n, ps r,2 FerFent Ea x. x; > 

ck.ord chord 

w 5 g  4 Xire 5 

4h.9 

.255 4s .8 

5.85 0.2558 '4.9 C 0 6.95 c.2431 

6.34 261o 44.6 .?369 .3353  7.18 2793 Q.5 

j .39 .2&82 44.3 .2526 .C6% 7.01 

45 .C . 945  7.52 . jc23  .831j 
7.26  -3535 h5.4 .9285 .72&  8.6; .3457 L5.4 

16.75 .SGc 50.2 i.0000 1.3m 19.9c .E035  50.2 

G. 36 .w60 45.0 

4L.3 

5.97 .26& 4f.7 .59j1 .2164 7.1 2069 44.7 
5.92 .2562 h i  .a .41% .I289 7 .C4 .2?0 44.8 
5 .Be .2L42 kL .9  .1186 .C297 7 .OU .2&8 4k .9 
5.80 .2455 h4.9 . op5  .m3g 6.99 .+3 

C 
1 

0 

2 
.11L 
.2222 

2 
4 

.3333 . 41;LLq 

5 
6 

.5555 

.6G7 

8 
g 1.oooc 

&e89 

1 

7 -7176 

I 'nl'ng 8 . 
45.1 
45.1 

0.2581 

.29k3 45.1 

.2%1 45.- 

2 6 9  
45.1 27G4 

45.1 
$5.0 

.2551 

.2&7 u . 9  .:yo '5.6 .3=90 
50.4  .6c43 

c 

2 

0 
.1111 
.2222 

3 - 3333 
4 . I r 4  i,b 

6 
5 -5555 

-6657 
7-7-11 

F 1 . cmc 

- 

-. 
ii :8e& 

0 
. o m  
.2632 
.1C5 3 

.4976 

. 7 2 1  

.947" 

.8&4 

.9&? 
1 .00oc 

" 
Vir4 9 I K i n g  LO 1 

T .11d ,2222 

C -3213 
.3200 
.3163 
.3~62 . 3:35 
.334 
-54x33 
.2940 
.2223 
.17.765 

6 . l i  C 
5.52 .0155 
6.37 .o6& 
5.47 2 5 9 3  

0.502% 
.jog7 
.32.92 
.33G 

7-15 
7.M 
9.p3 

12.25 
10.40 

I t  .91 
19 .oj 
26.27 
42.27 
93.55 

3 I .353fr 
4 .44;.4 

Vir4 12 wicg 13 

0 

Wing 15 

i i 6 . C  

. q 3 5  46.2 
46.1 

.2325  46.4 

.l5jF 46.2 

.%12 46.- 

.5$2 k6.9 

. a 7 1  47.7 
1.00c3 49.9 

.6912  h7.1 

9.35 

10.13 

13.45 

10.70 
11.71 

27.40 

.2222 

4 ,h 44 ;; 
.5555 

7 
.6&7 
.77?6 

e 1 .82S3 



SlUgS/CU ft 
Per 

3.E 
2.54 

1.99 

- I 65b.2  8.6: 
0.001572 ""_ ""_ ""_ 

Lj" ""_ ""_ 145.0 
lE0.C 

2.p- 
3.23 

78.8 f 12.32 3.83 0.8141 1.006 

o.mi626 3-03 

0.00lL.24 

0.001396 

o.mx57 

i 
~2.4 A 7 5  
l33.9 G.33 
13.1 22.51 
221.0 22.3 
189.7 35.97 

318.5 E.l2 
32j.O 6.22 

328.0 Zk.51 

xot discre'& flutter 

- 
333-2 
W2-7 
232.8 
153 - 3 
1€8. 1 

670.0 
%3 -0 

T72- 7 

4w.5 
E.gc.1 

42.6 
g . 5  



- Spanwise  laminoted  balsa 
Chordwise laminated spruce 

r 
Type A 

Chordwise laminated  balsa Spanwise  laminated  balsa 
r Spanwise  laminated 

Type B 
Chordwise laminated batsa ,- Aluminum - foil skin 

r End-grain balsa 

r Spanwise  laminated spruce r .02- inch  aluminum alloy 

Figme 1. - Constructior de-laiis of wings. 



Mode CPS Nodal pattern 

f h l  
f b  

fa  139 

39.2 Root 
10 4 "- 

""_ 
4th 209 "" 

(a) 60° foil-covered wing  (-,rings 4: 5 ,  6, 7, 8, and 9)  . 
Figure 2.- Regresentative r?odzl gatterns aqd frequencies of the various 

plan forms tested. 



I \ \ 

HACA RM ~ 5 G ~ 2 6  

Mode cps Nodol pattern 

fh, 51.8 
fh2 
fa 113 

Root 
148 "- ""_ - 

4th 255 "" 



G 

- 
33 

I 

L 

Mode cps Nodd pattern 
fh, 23 Root 

fh2  
64.5 -- 
78 ""_ 

4th is0 --- fa 

\ 

(c) 53' 8 :  Toil-covered (wing 15). 

r L g w e  2. - Continued. 7. 



34 

Mode cps Nodal pattern 
fh, 55 Root 
fh2 126 - - 
fa 99 ----- 
4th 168 ---- 



NACA ~ 5 6 ~ 2 6  35 

Mode cps Nodal pattern 
fh,  21 Root 

fh2  58 
fa 81 ""- 
4th 115 --- 

I I \ 

I 

(e) 45 foil-covereb -wing ( w i n g  1-2) . 
Figure 2. - Continued 

0 



NACA FM ~ 5 ~ 2 6  

Mode CPS Nodal pattern 

fhl 

fh2 
fa 90 

45.5 Root 
108 "A 

"""_ 
4th 109 ""- 

I 

\ \ 
\ 



37 

Mode cps Nodal pattern 

fh, 19.5 ROO* 

fh2 K)4 " 

fi 60 ----- 
4 t h  I22 --- 

( g )  60" mgnesiur- f lz t  plate (uing 10) . 
Fi-guze 2. - Concluded. 
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Figwe 3 . -  Sketch cf z Eeita ?la:._ T o m  showing loading s t a t i o n s  and mass 
segnelits. T-nical of a l l  wings tested. - 
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(b) \ding 1 h  . 
Figure 4. - Conc hded..  

L-95890 



Figure 'j. - Osci Llogrslph record showing rapid buildup of flutter (wing 15). 
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brackets 

Sheet metal fairing 

Test  wing 

86. I" I 
Figure 6. - Schematic  section drawing of wing  mounted in test  section 

looking  downstream. 
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JiigUWC 7 .  - Photograph of wing 
L-881.92. 1 

~ mounLed on the rc:rlection plane i n  the Langley 8-fool; transonic 
pressure tunnel. 
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Mach number 

1.0 1.2 1.4 

(a) 60' foi~.-covered wings. 

Figure 8. - Effect of Mach number on the dynamic pressure  at  flutter. 
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(b) 60° magnesium flat plate.  

Figure 8. - Continued. 
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q,lb/ft2 

0 2 4 6 .8 IO 12 1.4 

Mach number 

(c)  53' 8' spruce wing.  

Figure 8.- Concluded. 
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(a) Mach n&bcr, 0.633; frequency, 200 cps. 

Figure 9. - High-speed flash photographs of 11.5' spruce wing. 
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(b) Mach number 0.677; frequency, 11.2 .)+ cps. 

Fi.gure 9. - Continued. 
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( c )  Mach number, 0.&38; frcqycncy, 161-.8 cps. L-95893 

Figure 9. - Continued.. 



UI 
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(d) Mach number, 0.669; taken just after .Failure or trailing edge. ~-93894. 

Figure 9. - Concluded. 
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0 .2 .4 .6 B 1.0 1.2 I .4 

Mach number 

(a) 60' dexta wings (except the flat plete)  . 
Figure LO. - Zffect of Mzch number on the st i f fness   a l t i t r rde  coeff ic ient ,  



52 I NACA RM ~ 5 6 ~ 2 6  

0 .2 .4 .6 .a I .o 12 1.4 

Mach number 

(b) 60° cleltc flat plate (wir-g 10). 

Figure 10. - Contizued. 
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0 .2 .6 .8 1.0 

Mach number 

(c) 53O 8' del%& wicgs. 

P i m e  10. - Concluded. 
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Mach  number 

Figure 11. - Plot of f l u t t e r  speed ratio V V against Mach number. 4 
Flagged symbols indicate ’ 
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